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50TOP mRNAa b s t r a c t
A poly(A) tail functions in mRNA turnover and in facilitating translation as a ribonucleoprotein
complex with poly(A) binding proteins (PABPs). However, factors that associate with the poly(A) tail
other than PABPs have not been described. Using proteomics, we identiﬁed candidate proteins that
interact to the 30 terminus of the poly(A) tail. Among these proteins, we focused on La motif-related
protein 1 (LARP1) and found that LARP1 speciﬁcally recognizes the 30 termini of normal poly(A) tails.
We also reveal that LARP1 stabilizes multiple mRNAs carrying 50 terminal oligopyrimidine tract
(50TOP). Our ﬁndings suggest that LARP1 may be involved in the post-transcriptional regulation of
gene expression, at least in several 50TOP mRNAs, through the binding to 30 terminus of the poly(A)
tail.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
It is known that the terminal structure of RNA is important for
its stability and functions. Eukaryotic mRNAs are protected from
exoribonuclease activity because they are blocked at their 50 ter-
mini with a 7-methylguanosine cap structure and 30 poly(A) tail
[1]. Eukaryotic translation initiation factor 4E (eIF4E) binds directly
to the 50 cap and facilitates translation by recruiting the ribosome
to the mRNA through its interaction with eIF4G [2]. Poly(A) bind-
ing proteins (PABPs) speciﬁcally interact with the poly(A) tail and
protect it from 30 to 50 exoribonuclease activity. The cytosolic iso-
forms of PABP interact with eIF4G and form characteristic loop
structures, which are thought to enhance translational efﬁciency
[2,3]. Additionally, numerous replication-dependent histone
mRNAs in metazoan possess a speciﬁc stem-loop structure at their
30 end replacing a poly(A) tail [4].
Several RNA-binding proteins speciﬁcally interact with the ter-
mini of other RNA molecules. For example, the La protein, also
called La-related protein 3 (LARP3), speciﬁcally recognizes the oli-
go(U) terminus of nascent RNA polymerase III transcripts [5]. Sim-
ilarly, LARP7 speciﬁcally recognizes the 30 terminus of 7SK RNA and
inhibits its degradation [6]. Both La protein and LARP7 belong tothe La motif-related protein family, characterized by the presence
of a conserved La motif [7]. Previous structural analyses of La pro-
tein have suggested a high afﬁnity between the conserved La motif
and UUU-OH at the 30 terminus of an RNA molecule [8–10].
LARP1, one of the La-motif related proteins, was originally iden-
tiﬁed in Drosophila and found to be required for spermatogenesis,
embryogenesis and cell cycle progression [11–13]. LARP1 is re-
quired for ordered mitosis, cell survival and cell migration in HeLa
cells [14]. LARP1 also interacts with PABPs, suggesting the involve-
ment of LARP1 in mRNA translation or its regulation [13,14]. How-
ever, there is some uncertainty regarding the speciﬁc RNA
molecular targeted by LARP1.
Recently, we developed a reﬁned method allowing comprehen-
sive search of RNA–protein interactions using proteomics analysis
of in vitro assembled ribonucleoproteins (RNPs) by immunoprecip-
itation. This method uses FLAG-conjugated in vitro transcribed RNA
as bait in an ultrasensitive mass spectrometry system. Using this
approach, we identiﬁed uncharacterized regulatory factors that
bind to the 30 untranslated region (UTR) of speciﬁc mRNA sets
(unpublished data). Using this method, we also succeeded in
enriching the endogenous U7 small nuclear ribonucleoprotein
complex (snRNP) using a modiﬁed FLAG-tagged locked nucleic acid
(LNA) antisense oligonucleotide [15].
Here, we performed a comprehensive proteomic analysis to
identify proteins that recognized the 30 terminus of the mRNA
poly(A) tail, since the factors that associate with poly(A) tail, with
the exception of PABP, have not been fully investigated.
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2.1. Cell culture and RNA interference (RNAi)
HEK293 cells were cultured in Dulbecco’s modiﬁed Eagle’s med-
ium supplemented with 10% fetal calf serum in 10-cm dishes and
were grown at 37 C in 5% CO2. Stealth Select RNAi™ siRNAs for
LARP1 (HSS118648 and HSS118649) were obtained from Life Tech-
nologies Co. (Carlsbad, CA, USA). Stealth™ RNAi Negative Control
Medium GC Duplex and Medium GC Duplex #3 (Life Technologies
Co.) were used as negative controls. Cells were grown in 10-cm cul-
ture dishes and were transfected with 100 pmol of short interfering
RNAs (siRNAs) using Lipofectamine™ RNAiMAX (Life Technologies
Co.), and were thereafter cultured at 37 C for 48 h. The effects of
RNAi were examined by qRT-PCR and Western blotting using
anti-LARP1 antibody (1:1000 dilution, A302-087A, Bethyl Laborato-
ries Inc., Montgomery, TX, USA) and anti-b-actin antibody (1:1000;
#4970, Cell Signaling Technology, Danvers, MA, USA).
2.2. Preparation of in vitro transcribed RNA
To clone a portion of the partial human b-actin (ACTB) cDNA
fragment containing the poly(A) sequence, a cDNA library was
made using total RNA puriﬁed from HEK293 cells, and primer
2199. All of the primer sequences appear in Supplementary Table 1.
The ACTB 30 UTR sequence was ampliﬁed by polymerase chain
reaction (PCR) from the cDNA library with primers 2283 and
2201, which contained the T7 promoter and complementary se-
quence for the LNA bait. Amplicons were cloned into pGEM-T Easy
(Promega Co., Madison, WI, USA). Following sequence conﬁrma-
tion, the plasmid which we designated pGEM-T7_7SKtag_ACT-
B3U_A60, was digested with EcoRI and BsaI, and the resulting
fragment was gel-puriﬁed. Various derivative DNA templates for
in vitro transcription were PCR ampliﬁed from pGEM-T7_7SKta-
g_ACTB3U_A60 using primer sets 2549, 2550, 2568, 2559, 2560,
2561, 2551, 2553, 2575, 2576, 2577, 2578, 2579, 2580, 2581 or
2201. The ampliﬁed PCR fragments were gel-puriﬁed.
In vitro transcription was carried out using a T7 mMESSAGEma-
chine or T7 MEGAscript kit (Life Technologies Co.). Transcribed
RNA was puriﬁed with MicroSpin G-25 columns (GE Healthcare
Life Science, Little Chalfont, UK).
2.3. RNA-directed immunoprecipitation
A synthesized LNA177 (50-AccuuGAGAGcuuGuuuGGAGg-30,
where uppercase represents the LNA nucleotides and lowercase
represents a ribonucleotide) was obtained from Gene Design Inc.
(Osaka, Japan). The LNA177 and in vitro transcribed RNAs were
subjected to FLAG conjugation as described in Kourouklis et al.
[16] with some modiﬁcations.
For annealing, 100 pmol of in vitro transcribed RNA and 50 pmol
of FLAG-tagged LNA177 were mixed in wash buffer [20 mM He-
pesNaOH, pH 7.5, 150 mM NaCl, 0.1% Triton-X100] and denatured
at 95 C for 1 min, followed by incubation at room temperature for
5 min. The LNA/RNA complex was bound to ANTI-FLAGM2 agarose
produced in mice (Sigma–Aldrich Co., St. Louis, MI, USA).
The HEK293 cells grown in 10-cm dishes were lysed with
20 mM HepesNaOH, pH 7.5, 150 mM NaCl, 50 mM NaF, 1 mM Na3-
VO4, 1% digitonin, 1  complete EDTA-free protease inhibitor cock-
tail (Roche Applied Science, Penzberg, Upper Bavaria, Germany)
The immunoprecipitation using a pre-washed RNA/LNA-FLAG/
antibody complex was performed with the cell lysate. The immu-
noprecipitated products were eluted with 50 lg/ll FLAG peptide
in wash buffer. The samples collected were analyzed by Western
blotting or mass spectrometry [17].For Western blotting, immunoprecipitated proteins were elec-
trophoresed on a 10% sodium dodecyl sulfate (SDS) polyacrylamide
gel and then blotted onto a polyvinylidene diﬂuoride (PVDF) mem-
brane. Antibodies used for Western blotting were as follows:
LARP1 (1:1000 dilution, A302-087A, Bethyl Laboratories Inc.),
PABP1 (1:1000; #4992, Cell Signaling Technology), PARN
(1:1000; #3894S, Cell Signaling Technology) and eIF4G (1:1000;
A301-776A, Bethyl Laboratories Inc.).
2.4. Immunoprecipitation
Immunoprecipitation of LARP1 protein was performed with the
LARP1 antibody (500 ng; A302-087A or A302-088A, Bethyl Labora-
tories Inc.) bound to Dynabeads Protein G (Life Technologies Co.).
Cell lysates were prepared as described earlier. For digestion of
the poly(A) sequence, the immunoprecipitated product was incu-
bated with 1 unit of RNase I at 37 C for 15 min just before the sec-
ond washing step.
3. Results
3.1. Comprehensive searches for interacting proteins
We prepared a modiﬁed LNA antisense oligonucleotide conju-
gating FLAG peptide (LNA177) and artiﬁcial mRNA-like transcript
derived from a part of the human ACTB 30 UTR sequence, which
contained a 50 cap and 30 poly(A) tail. Brieﬂy, components of the
messenger ribonucleoprotein complexes (mRNPs) assembled on
the in vitro transcribed mRNA annealed with FLAG-conjugating
LNA177 were identiﬁed by precipitating the mRNPs with the
anti-FLAG antibody. Next, the precipitated proteins were exten-
sively characterized by highly sensitive direct nanoﬂow liquid
chromatography/tandem mass spectrometry (LC/MS) (Fig. 1A).
The detailed structures of the CAP-A60 RNA and CAP-A60 + EX
RNA from the comprehensive protein analysis are shown in
Fig. 1B. The CAP-A60 RNA contains a 50 cap, a 60-nt 30 poly(A) tail,
and the complementary sequence of the antisense LNA177. The
CAP-A60 + EX RNA structure contains an extra 35-nt sequence at
the 30 terminus. Mass spectrometry analyses was conducted twice
for each immunoprecipitation product (Supplementary Table 2).
LNA177 lacking mRNA-like bait RNA was used as a negative immu-
noprecipitation control.
We identiﬁed 179 proteins as the component of the mRNPs
assembled with CAP-A60 RNA and CAP-A60 + EX RNA, including
well-known proteins that bind to the mRNA 50 cap or poly(A) tail
(eIF4E, eIF4G and PABPs). Interestingly, several proteins such as
PARN, PATL1 and LARP1 that uniquely bound to RNAs with the nor-
mal 30 poly(A) tail (CAP-A60) were identiﬁed (Fig. 1C and Supple-
mentary Table 2). We were particularly interested in LARP1, as
some members of the LARP family are reported to recognize the
30 termini of certain RNA molecules [5,6].
3.2. LARP1 interacts with poly(A)+ RNA
To conﬁrm the interaction of LARP1 with poly(A)+ RNAs, we
conducted further immunoprecipitation experiments with a vari-
ety of bait RNAs (Fig. 1B). LARP1 bound to A60 RNA and CAP-A60
RNA, both of which contained a genuine 30 poly(A) terminus. LARP1
did not bind to the RNAs possessing 60-nt poly(A) stretch;
nevertheless the 30 terminus was modiﬁed by adding of sequence
insertions and/or the conjugating FLAG peptide (Fig. 1C). It is
noteworthy that PABP1 interacted with all of the mRNAs contain-
ing a poly(A) stretches that were examined, regardless of their 30
terminal structure (Fig. 1C). Additionally, the presence of a 50 cap




Fig. 1. Identiﬁcation of proteins assembled on artiﬁcial poly(A)+ mRNA by LNA/RNA immunoprecipitation following ultra sensitive mass spectrometry. (A) Puriﬁcation
strategy for RNA immunoprecipitation using FLAG-tagged antisense LNA177. FLAG-tagged LNA177 and bait mRNA were annealed and then bound to anti-FLAG M2 agarose.
The complex was then incubated with a HEK293 cell lysate. After washing, immunoprecipitated proteins were digested with lysyl endopeptidase and analyzed by LC–MS. (B)
Schematic of the in vitro transcribed bait RNA used in the RNA immunoprecipitation assays. All chimeric mRNA shared the 30 UTR of ACTB mRNA, a complementary sequence
to LNA177, and a 60-nt poly(A) tail. The 35-nt of extra sequence (50-GAGACCACUGUCAUGCCGUUACGUAGAAUCGAAUU) was derived from pGEM T-Easy vector (Promega) and
primer 2199 using cDNA cloning for the ACTB 30UTR possessing poly(A) tail. (C) Co-immunoprecipitated proteins with various bait RNAs were analyzed by Western blotting.
Lane 1, input; 2, no bait; 3, LNA177; 4, LNA177 + A60 + EX RNA; 5, LNA177 + A60 RNA; 6, LNA177 + CAP-A60 + EX RNA; 7, LNA177 + CAP-A60 RNA; 8, LNA177 + CAP-A60 + EX-
FLAG RNA and 9, LNA177 + CAP-A60-FLAG RNA. (D) RNA dependent interaction of LARP1 and PABP1. Immunoprecipitation of LARP1 was performed with an anti-LARP1
antibody (A302-088A, Bethyl Laboratories Inc.). IgG was used as a control. Part of the immunoprecipitated sample was treated with RNase I to digest the poly(A) sequences.
The immunoprecipitated proteins were analyzed by Western blotting using antibodies against LARP1 and PABP1. Lane 1, input; 2, normal IgG; 3, anti-LARP1; and 4, anti-
LARP1 + RNase I treatment.
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PABP1 by immunoprecipitation using an anti-LARP1 antibody.
The LARP1–PABP1 interaction of was disintegrated by RNase I
treatment, suggesting that the interaction was RNA dependent
(Fig. 1D).
3.3. Sequence speciﬁcity of LARP1 RNA recognition
To assess the length of poly(A) tail required for LARP1 binding,
we carried out further RNA immunoprecipitation with RNA pos-
sessing poly(A) tail of various lengths. It was apparent that LARP1
binding required a poly(A) tail longer than 9-nt (Fig. 2A and B). To
determine the nucleotide selectivity of LARP1, we prepared various
RNA baits with different nucleotide compositions and analyzed
their interaction with LARP1 by RNA immunoprecipitation. LARP1
did not bind to mutant RNAs possessing poly(G), poly(C) or poly(U)
sequences at their 30 termini (Fig. 2C and D). Furthermore, the
LARP1 with poly(A)+ RNA interaction was abolished by adding a
single guanosine, cytidine or uridine residue to the 30 terminus of
the RNA (Fig. 2C and D).
3.4. LARP1 stabilizes multiple 50TOP mRNAs
To conﬁrm the speciﬁc interaction of LARP1 with poly(A)+
mRNA under physiological conditions, we immunoprecipitated
endogenous LARP1 protein using two different LARP1 antibodies
(Fig. 3A). Co-immunoprecipitated RNAs were puriﬁed andanalyzed by qRT-PCR. We conﬁrmed that all of the mRNAs pos-
sessing a 30 poly(A) tail that were examined were enriched in
the anti-LARP1 immunoprecipitations (Fig. 3B). In contrast, no
enrichment of RNA species lacking poly(A) tail, such as ribo-
somal RNAs, nuclear non-coding RNAs (ncRNAs) and histone
mRNAs, were detected.
We hypothesized that LARP1 was involved in stabilization of
poly(A)+ mRNAs through binding to the 30 terminus of the poly(A)
tail. To conﬁrm this, we conducted LARP1 depletion using RNAi in
HEK293 cells (Fig. 4A and B). Then we investigated the accumula-
tion levels of numerous transcripts, which were commonly used
for reference (Fig. 4C, E and F).
Unexpectedly, PP1A, YWHAZ, PGK1, TBP1, GAPDH, HSP90AB1,
TBX1 and PRCP mRNAs were slightly altered by depletion of LARP1,
although these mRNAs were co-immunoprecipitated with the anti-
LARP1 antibody (Figs. 3B and 4E). We also conﬁrmed that the levels
of several ncRNAs and histone mRNAs, which were not co-immu-
noprecipitated with anti-LARP1 antibody, were unaltered
(Figs. 3B and 4F). Interestingly, the levels of mature mRNAs for
RPS6, RPL7 and HNRNPA1 were substantially diminished, while
the levels of the corresponding unspliced pre-mRNAs remained
constant in the LARP1-depleted cells (Fig. 4C).
RPS6, RPL7 and HNRNPA1 mRNAs were categorized as 50TOP
mRNAs [18,19]. Therefore, we examined the expression levels of
other eight 50TOP RNAs, and found that the expression levels of




Fig. 2. LARP1 speciﬁcally recognized the 30 terminus of a poly(A) tail. (A) Schematic of bait RNAs with poly(A) tails of various lengths. (B) The binding speciﬁcity of LARP1 to
poly(A) tails of various lengths was examined by RNA immunoprecipitation and the products were analyzed by Western blotting using an antibody against LARP1. (C)
Schematic of mutant mRNAs with a variety of 30 termini. An A9 RNA with a 9-nt poly(A) tail was used as a positive standard. The 30 terminus of three variants (U9, G9, and C9;
upper panel) was consist of 9 nt for poly(G), poly(C) or poly(U), instead of poly(A). The four variants (10A, A9G, A9C and A9U; lower panel) contained an extra nucleotide at
the 30 end of the poly(A) tail. (D) RNA immunoprecipitation and Western blot analysis as shown in (B).
A
B
Fig. 3. LARP1 commonly interacts with poly(A)+ RNA. (A) Immunoprecipitation with normal IgG as a control and two different antibodies against LARP1 (1; A302-087A or 2;
A302-088A, Bethyl Laboratories Inc.) were conducted. The representative immunoprecipitated LARP1 proteins were evaluated by Western blotting (left) and the
immunoprecipitation efﬁciency of LARP1 was quantiﬁed by Multi Gauge ver. 3.0 software (Fujiﬁlm, Japan. right). (B) RNAs that co-immunoprecipitated with LARP1 were
puriﬁed for qRT-PCR analysis. Multiple sets of primers for ribosomal RNAs, nuclear ncRNAs, mRNAs encoding reference genes, and histone mRNAs, were prepared as shown in
Supplementary Table 1. Bars represent means ± S.D. of three independent experiments.
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In this study, we attempted to identify the proteins that bind to
the poly(A) termini of mRNA molecules by RNA-immunoprecipita-
tion and following ultra-sensitive mass spectrometry. A compari-
son of proteins that interact with CAP-A60 RNA and CAP-
A60 + EX RNA revealed several candidate proteins, which speciﬁ-
cally interacted with the 30 terminus of a poly(A) tail (Supplemen-
tary Table 2).
Among these candidate proteins, we observed that LARP1 spe-
ciﬁcally recognized the 30 termini of poly(A) tails (Fig. 1C). We also
showed that a length >9-nt in the 30 terminal poly(A) tail was nec-
essary for the LARP1 binding (Fig. 2B). Additionally, a slight in-
crease in the LARP1 signal was observed when the poly(A) tail
length was increased from 13-nt to 15-nt. However, further elon-
gation of the tail did not affect LARP1 binding (Fig 2B). Hence,
we consider that a poly(A) of at least 9-nt is the minimum for
the RNA recognition by LARP1, while 15-nt poly(A) is sufﬁcient.Previous studies have shown that the conserved La motif of La
protein speciﬁcally recognizes the 30 terminal UUU sequence on
the nascent transcripts of RNA polymerase III [5]. It is noteworthy
that the 30-hydroxyl group and a penultimate base mainly affected
to the La protein afﬁnity for RNA, while the last nucleotide ap-
peared to be less important [8–10]. It should be noted that addition
of an extra G, C or U at the 30 terminus of the poly(A) tail dimin-
ished LARP1 recruitment onto the synthetic RNA (Fig. 2D), regard-
less of its possession of the highly conserved La motif [9]. Further
analyses are required to clarify the mechanism by which the
poly(A) terminal binds to LARP1.
We showed that the poly(A)+ mRNA interaction preference
exhibited by LARP1 differed from those exhibited by PABP1
(Fig. 1C). These results imply that LARP1 is recruited onto the 30
terminus of poly(A) tail, independently with of PABP1. However,
a previous study reported that LARP1 directly interacted with
PABP, as shown RNase A treatment, which cleaves speciﬁcally after






Fig. 4. LARP1 stabilized 50TOP mRNAs. RNAi using negative control siRNAs (open and light gray bars) and two different siRNAs for LARP1 (dark gray and black bars) were
conducted in HEK 293 cells. RNAi showing diminished levels of LARP1 mRNA (A) and protein (B). The expression levels of multiple RNAs were examined by qRT-PCR. Relative
expression levels of the RNAs examined were normalized against 18S rRNA. Bars represent the means ± S.D. of three independent experiments. (C) Matured and immatured 50
TOP mRNAs, (D) other 50TOP RNAs, (E) reference mRNAs, and (F) non-coding RNAs and histone mRNA.
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RNase I treatment, and revealed the RNA dependent interaction of
LARP1 with PABP1 at least in human cells (Fig. 1D).
Meanwhile, in drosophila, it was reported that the interaction
with dmLarp and pabp have been reported to resistant to RNase I
digestion [13]. It is possible that a low conservation rate in the
N-terminal region of LARP1 was the cause of the distinct afﬁnity
to PABP observed in our study.
The poly(A) tail plays a critical role in translational activation
and stabilization of mRNA [1], whereas a previous study showed
that LARP1 promotes the translation [14]. Our results showed that
a large portion of mRNAs possessing poly(A) tail were co-immuno-
precipitated with LARP1 (Fig. 3) and LARP1 depletion caused a de-
crease in the expression levels of 50TOP mRNA (Fig. 4C and D). We
asked whether the reduction of these mRNAs was regulated trans-
criptionally or post-transcriptionally. Accordingly, expression of
RPS6, RPL7, and HNRNPA1 pre-mRNA was constant, thus that the
reduction in mRNA was post-transcriptional event, and one of
which was perhaps related to RNA stability.
We assumed that LARP1 might contribute to the mRNA stabil-
ization by preventing the 30–50 exoribonuclease activity. To inves-
tigate whether the reduction of 50TOPmRNAwas due to shorteningof the poly(A) tail, we conducted northern blot analysis of RPS6 and
RPL7 mRNAs. However, no obvious shortening of these mRNAs was
detected in the LARP1-depleted cells (data not shown).
It remains unclear as to why LARP1 depletion only affects 50TOP
mRNA, although LARP1 commonly interacted with poly(A)+ mRNA
(Fig. 3B). The 50TOP mRNAs tend to be the most abundant poly(A)-
containing mRNAs in the cell. To examine the effects of RNA abun-
dance, we examined GAPDH, HSP90AB1, YBX1 and PRCP mRNAs,
which showed similar abundances to 50TOP mRNAs in HEK293
cells; slight alternation of these mRNAs was revealed by RNAi for
LARP1 (Fig. 4E).
A previous study showed that the LARP1 orthologous in Caeno-
rhabditis elegans localizes to the P-body [20], where translationally
inactivated mRNAs accumulate and are usually subjected to degra-
dation [21,22]. It is consistent that LARP1 affects the stability of the
translationally inactivated mRNA including majority of 50TOP
RNAs.
Previous reports have indicated that La protein has afﬁnity for
the 50 cap and 50 triphosphate of RNA molecules, and LARP7 inter-
acted with 50 end of RNA with methylphosphate capping enzyme
dependent manner [23–25]. It is also reasonable to speculate that
LARP1 may control mRNA stability by mediating the interaction
2178 K. Aoki et al. / FEBS Letters 587 (2013) 2173–2178between 50TOP at the 50 terminus and poly(A) tail at the 30 termi-
nus of an mRNA.
In this study, we showed that the LARP1 recognized the 30 ter-
minus of an mRNA poly(A) tail and selectively stabilized 50TOP
mRNAs. The biological function and true signiﬁcances of the
LARP1–mRNA interaction at the 30 terminus of the a poly(A) tail re-
mains unclear. Investigation in the mechanisms involved in LARP1-
mediated stabilization of 50TOP mRNA and into the physiological
role(s) of LARP1 are planned.
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